The assessment of nucleotide polymorphisms in environmental samples of obligate pathogens requires DNA amplification through the polymerase chain reaction (PCR) and bacterial cloning of PCR products prior to sequencing. The drawback of this strategy is that it can give rise to false polymorphisms owing to DNA polymerase misincorporation during PCR or bacterial cloning. We investigated patterns of nucleotide polymorphism in the internal transcribed spacer (ITS) region for Phakopsora pachyrhizi, an obligate biotrophic fungus that causes the Asian soybean rust. Field-collected samples of P. pachyrhizi were obtained from all major soybean production areas worldwide, including Brazil and the United States. Bacterially-cloned, PCR products were obtained using a high fidelity DNA polymerase. A total of 370 ITS sequences that were subjected to an array of complementary sequence analyses, which included analyses of secondary structure stability, the pattern of nucleotide polymorphisms, GC content, and the presence of conserved motifs. The sequences exhibited features of functional rRNAs. Overall, polymorphisms took place within less conserved motives, such as loops and bulges; alternatively, they gave rise to non-canonical G-U pairs within conserved regions of double stranded helices. We discuss the usefulness of structural analyses to filter out putative 'suspicious' bacterially cloned ITS sequences, thus keeping artificially-induced sequence variation to a minimum.
Introduction
The internal transcribed spacer (ITS) region of the 18S-28S nuclear ribosomal DNA (nrDNA), which includes two spacers (ITS1 and ITS2) and the intervening 5.8S gene, constitutes a multicopy gene family. Due to concerted evolution, the tandem nrDNA repeats are more homogeneous within species and more distinct between species (Alvarez and Wendel, 2003) . Transcription of the 18S-28S nrDNA cistron produces a single, long transcript from which, upon processing, the ribosomal RNAs are released with the spacers degraded to nucleotides (Coleman, 2009) . Even though the spacers are not incorporated into the mature ribosomal RNA (rRNA), they are required to form functional secondary structures that contain binding sites for nuclear proteins required for ribosome biogenesis and correct processing of rRNA (Hillis and Dixon, 1991; Nazar, 2004; Mullineux and Hausner, 2009 ). Sequence align-ments of ITS have shown that polymorphic sites are distributed in a non-uniform manner across the ITS region. The 5.8S gene sequences are extremely conserved; the ITS1 and ITS2 sequences are highly polymorphic (Hillis and Dixon, 1991; Coleman, 2007; Nilsson et al., 2008) . Given evolutionary constraints, both ITS1 and ITS2 sequences exhibit some conservation at the structural level, even though they can vary significantly at the sequence level (Hausner and Wang, 2005) .
ITS sequences can be easily amplified from a variety of organisms with the use of universal primers. Compared to other nuclear genes, ITS sequences exhibit high levels of polymorphism even within species (White et al., 1990) . Thus, analysis of ITS sequences has become a key nuclear marker for phylogenetic and phylogeographic studies in eukaryotes (Hillis and Dixon, 1991; Alvarez and Wendel, 2003) . Hence, the ITS region is one of the most widely sequenced DNA regions in fungi (Peay et al., 2008) .
Given the ease of DNA sequencing, large datasets of ITS sequences are available or can be assembled easily at a population level. Such datasets are useful to investigate the distribution patterns of evolutionary constraints, either uniformly or discontinuously, across the ITS region within a given species or closely related species. Our rationale is that, within ITS1 and ITS2, there are motifs (such as double stranded helix and hairpin stems) that are less prone to accumulate changes given that their conformation is crucial for maintaining a functional secondary structure. In contrast, nucleotide interactions in other motifs (such as loops and bulges) may play a less important role in holding the secondary structure together; as they are less conserved and accumulate higher number of polymorphisms over time. Therefore, an analysis of the predicted RNA secondary structure using ITS sequences may be helpful in distinguishing naturally-occurring polymorphisms from those that arose from experimental error. In phylogenetic or phylogeographic studies, for example, insertions or deletions (indels) that are bordered by mononucleotide repeats (e.g., polyA) or cloned singletons (ribotypes that appeared only once) may be rejected as a source of information in statistical analyses. The aim is to reduce the effects of experimental error by removing these sites, which could arise from DNA polymerase misincorporation during PCR or bacterial cloning (Queiroz et al., 2011) or evolutionary lability associated with that type of indel (Mast et al., 2001) . Structural analyses may also help to distinguish functional from potentially non-functional nrDNA copies, or pseudogenes (Queiroz et al., 2011) .
Phakopsora pachyrhizi Syd. and P. Syd. 1914 and Phakopsora meibomiae (Arthur) Arthur 1917 are two closely related species and causing agents of soybean rust. P. pachyrhizi, the causal agent of the Asian soybean rust (ASR), is of Asian origin and historically confined to areas of Asia and Australia; whereas P. meibomiae is native to the Americas (Ono et al., 1992) . ASR has the potential to cause yield losses up to 10% to 80% (Bromfield, 1984; Pandey et al., 2011) . Similar to other obligate biotrophic rust fungi, P. pachyrhizi depends on the presence of the host to survive (Cummins and Hiratsuka, 2004) . Through asexual reproduction, P. pachyrhizi forms dikaryotic uredospores on soybean and on other 42 species in 19 genera of legumes (Bromfield, 1984; Ono et al., 1992) . Sexual stages have never been reported for P. pachyrhizi, which suggests that the species predominantly undergo asexual reproduction (Ono et al., 1992) .
Until the 2000/2001 season, the American continent was apparently free of ASR. P. pachyrhizi was reported in Paraguay (2001), Brazil and Argentina (2002) , Bolivia (2003) as well as the United States (2004) (Schneider et al., 2005) . Worldwide emergence of ASR is a recent event and no geographic region is free of this disease (Freire et al., 2008) . Long-distance dispersal of the uredospores is attributed mainly to wind storms (Isard et al., 2005) .
Assessment of genetic diversity in obligate pathogens, such as P. pachyrhizi, is hampered by the inability to maintain the fungus outside its host. Therefore, for the purpose of sequence analyses, uredospores or other fungal tissue must be sampled directly from host tissues. A dikaryotic structure and an uncharacterized, potentially mixed fungal population from field samples are additional features that further hinder genetic studies in P. pachyrhizi. In fact, field samples of P. pachyrhizi typically consist of a pool of divergent isolates. In these circumstances, bacterial cloning of PCR products prior to sequencing is mandatory given that direct sequencing of PCR products frequently yields chromatograms bearing unreadable results (Freire et al., 2008) .
In this report, we assembled a large dataset of ITS sequences derived from P. pachyrhizi and employed the utility of secondary structure analyses to: (1) examine patterns by which polymorphisms accumulate in ITS1 and ITS2; (2) identify ITS structural features, including conserved motifs and variable regions; (3) investigate the presence of either pseudogenes or putative PCR artifacts due to experimental errors; and (4) discuss the usefulness of secondary structure analyses as a quality control check for ITS sequence data in genetic diversity studies.
Materials and methods

Sampling strategy, DNA extraction, and PCR amplification
Samples of uredospores or soybean leaves bearing uredinia were obtained from 60 soybean fields in Brazil during 2005/2006 and 2008/2009 growing seasons. Additionally, a sample of uredospores was obtained from kudzu (Pueraria lobata) in Paraguay. Total genomic DNA was extracted as previously described (Freire et al., 2008) . For South African samples, infected leaves were collected from naturally infected highly susceptible local cultivars growing at the ''Cedara Agricultural Research Station'', near Pietermaritzburg, during the 2005/2006 season. Genomic DNA was extracted at the ARC-Grain Crops Institute, Potchefstroom, following the protocol described below. After extraction, the genomic DNA was lyophilized and sent to our laboratory in Brazil for further analyses.
The entire ITS region (ITS1 -5.8S gene -ITS2) was amplified using P. pachyrhizi-specific primers ITSPP5 and ITSPP3 and a PCR protocol described previously (Freire et al., 2008) . For all PCR amplifications, we used the Phusion High-Fidelity DNA Polymerase (New England BioLabs) and GeneAmp PCR System 9700 (Applied Biosystems).
Cloning, sequencing, and sequence alignment
PCR products were cloned and sequences from one to four clones per sample were obtained. Cloning was carried out using the pGEM-T Easy (Promega) and plasmid DNA was extracted using a Wizard Minipreps DNA Purification System (Promega) following the manufacturer's recommendations. Sequencing was performed by Macrogen Inc., USA (http://www.macrogen.com), using plasmid primer M13F. A total of 227 sequences were produced and imported into the program Sequencher 4.8 (Gene Codes) for editing. Additionally, the dataset includes 37 sequences the works of Barnes et al. (2009) (GenBank Accession Nos. EU436700-EU436723) and Frederick et al. (2002) (GenBank Accession Nos. AF333488-AF333500) and 106 sequences from the Division of Plant Sciences, University of Missouri (GenBank Accession Nos. JN872907-JN873025). Complete alignments of the 370 sequences were performed with the introduction of gaps to compensate for the presence of insertion/deletions (indels). At this point, any flanking regions of the 18S and 28S DNAs were trimmed off.
Structural analyses
We defined the limits of the ITS1 and 5.8S gene sequences in P. pachyrhizi in accordance with published limits set for P. pachyrhizi and other Basidiomycetes in GenBank. The limits of the ITS2 sequences were set in accordance with The ITS2 Database II (Selig et al., 2008) . Finally, three datasets were assembled, one for each spacer (ITS1 and ITS2) and the 5.8S gene. The DnaSP v5 software (Librado and Rozas, 2009 ) was used to define ribotypes and to estimate nucleotide and ribotype diversities within each of the three datasets. We used sequence alignments in Sequencher to identify unexpected nucleotide substitutions within known conserved motifs in both the 5.8S gene and the ITS2 region. In the 5.8S gene, we inspected the following three 5.8S conserved motifs: M1 (5 0 -CGAUGAAGAACGUAGC-3 0 ) and M3 (5 0 -UUUGAAYGCA-3 0 ) from Harpke and Peterson (2008) , and M2 (5 0 -GAAUUGCAGAAUCC-3 0 ) from Jobes and Thien (1997) . The CG content of ribotypes with each of the three datasets was estimated with the online version of the program MFOLD 3.2 -RNAfolding (Mathews et al., 1999; Zuker, 2003) , with the default conditions for temperature (37°C) and ionic conditions. MFOLD also estimated the secondary structure and minimum free energy (DG) of ribotypes within both the ITS1 and 5.8S gene datasets. The secondary structures of the ITS2 ribotypes and associated minimum free energy (DG) were predicted by homology modeling using the secondary structure proposed for the ITS2 of P. pachyrhizi (accession 170674463) retrieved from The ITS2 Database II (Selig et al., 2008) . Homology modeling tested whether structural features were maintained in the ribotypes of ITS2 identified in this work. Subsequently, secondary structures were drawn and edited with VARNA (Darty et al., 2009 ). Next, we inspected whether the secondary structures of ITS2 in P. pachyrhizi displayed the conserved features expected for an eukaryotic ITS2; that is, the full structure displays four helices, helix II exhibits a pyrimidine-pyrimidine mismatch (U-U), the 5 0 side of Helix III contains the motif 5 0 -UGGU-3 0 or any of its ribotypes (Schultz et al., 2005; Coleman, 2007) .
Results and discussion
The three datasets each contained 370 sequences. After sequence alignments and the introduction of gaps to compensate for indels, ITS1 and ITS2 spanned 200 and 215 bases, respectively. The 5.8S gene was 154 bases in length. The concatenated dataset spanned 569 bases in length.
Predicted secondary structure of ITS1
ITS1 exhibited six polymorphic sites (four substitutions and two indels), which defined 11 ribotypes (Fig. 1) . Eight ribotypes were recovered multiple times, whereas three ribotypes were singletons. Ribotype A, with 261 occurrences, was the most frequent ribotype of ITS1. The DG required for formation of the secondary structures ranged from À25.7 to À28.3 kcal/mol, and the CG content of these sequences ranged from 25.5% to 26.5%. Structural analyses indicated that none of the six polymorphic sites resulted in predicted changes in the secondary structure. The common secondary structure of ITS1 consisted of a long, double helix that brought together the 5 0 and 3 0 termini (Fig. 2) . At its central part, the double helix contained one large, internal loop; as well as, other structural motifs such asymmetric internal loops of small sizes, bulges, and hairpins. The long double helix of ITS1 could operate as a 'biological spring' (Lalev and Nazar, 1998) and therefore bring to close proximity the termini of the 18S and 5.8S during the processing of the precursor pre-rRNA. Five (out of six) polymorphic sites occurred within loops and one base substitution (a transition C ? U, at position 116) took place near the end of the long double helix and gave rise to a wobble G-U base pair. Noncanonical G-U pairing possesses great flexibility and, therefore, can be accommodated within rRNA secondary structures without imposing significant changes (Mullineux and Hausner, 2009 ). Apparently, indels that have an effect on the helix length or base substitutions that occur at loops do not affect the formation of mature rRNA and, therefore, those regions are prone to changes (Bridge et al., 2008) .
Predicted secondary structure of the 5.8S gene
The 5.8S gene contained a single polymorphic site, which defined two 5.8S ribotypes. Both ribotypes exhibited the predicted secondary structure for a functional 5.8S gene, with two large central loops from which four helices emerge (Fig. 3) . The single polymorphic site consisted of an extra A in a stretch of a polyA that appeared within the loop in Helix II. The DG required for formation of the secondary structure of the 5.8S gene was À26.5 kcal/mol, and the CG content was 35.9%. Conserved motifs for the 5.8S gene are poorly described in fungi. However, at least three motifs of the 5.8S gene are conserved among angiosperms: M1 (5 0 -CGAUGAAGAACGUAGC-3 0 ) and M3 (5 0 -UUUGAACGCA-3 0 ) (Harpke and Peterson, 2008) , and M2 (5 0 -GAAUUGCAGAAUCC-3 0 ) (Jobes and Thien, 1997). In P. pachyrhizi, those three motifs were found as (base substitutions are shown in bold): M1 (5 0 -CGAUGAAGAA-CACAGU-3 0 ), M2 (5 0 -GAAUUGCAGAAUUC-3 0 ), and M3 (5 0 -UUU-GAACGCA-3 0 ). At the DNA level, the motif M2 harbors an EcoRI restriction site (underlined), which is highly conserved in fungi and distinguishes between fungal and angiosperm M2 motifs (Jobes and Thien, 1997) . Sequences in motifs M1, M2, and M3 of P. meibomiae are identical to those of P. pachyrhizi (data not shown), which suggest that those motifs play an important biological role in rRNA function. 
Predicted secondary structure of ITS2
ITS2 contained seven polymorphic sites (three substitutions and four indels), which defined 13 ribotypes (Fig. 1) . Seven of those 13 ribotypes were shared, while six were singletons. Ribotype 1, with 213 occurrences, was the most frequent ITS2 ribotype. The DG re-quired for formation of the secondary structures ranged from À23.0 to À30.1 kcal/mol, and the CG content of these sequences varied from 18.7% to 19.9%. Homology modeling analyses provided high quality models for the 13 ribotypes and recovered a common secondary structure for the 13 ribotypes, consisting of four helices radiating from a central loop (Fig. 4) . This structure of ITS2 is conserved in the vast majority of eukaryotes (Schultz et al., 2005; Coleman, 2007) . For every ribotype, percentages of helix transfer were 100% for any of the four helices.
Among the four helices of ITS2, Helix I showed the greatest level of variation. It contained one base substitution (that gave rise to a non-canonical G-U pair within the double helix), one 1 bp-indel, and one naturally-polymorphic poly-U tract within the loop (size ranging from U 2 to U 9 ). The evolution of such mononucleotide tracts may arise by such mechanisms as slipped-strand mispairing (Levinson and Gutman, 1987) , unequal crossing over, and biased gene conversion (Hillis and Dixon, 1991) . All of which may contribute to increases in the level of naturally-occurring ITS ribotypes. The flexibility of the G-U pairing allows secondary structures to remain unchanged (Mullineux and Hausner, 2009) . Helix II exhibited a high level of sequence conservation, including two bulges with a pyrimidine-pyrimidine mismatch (U-U) that are highly conserved among eukaryotes (Schultz et al., 2005; Coleman, 2007) . In ribotypes 7, 8 and 9, Helix II contained an additional U that extended a polyU tract within its hairpin loop. Helix III was the longest among the four helices of ITS2. In P. pachyrhizi, Helix III contained the motif 5 0 -UGU-3 0 , which may have replaced the conserved motif 5 0 -UGGU-3 0 (Schultz et al., 2005) . Helix IV displayed a hairpin of only five base pairs and a short terminal loop. Helix IV of P. pachyrhizi was similar in size to the Helix IV found in other eukaryotes (Coleman, 2007) .
Co-evolution of the two spacers
There is evidence that ITS1 and ITS2 may not evolve independently. In fungi, the overall variation in ITS1 and ITS2 was found to be highly correlated (0.87) in about 66% of the fungal species. The observed variability of ITS1 was higher than that of ITS2 (Nilsson et al., 2008) . In P. pachyrhizi, nucleotide and ribotype diversities for ITS1 and ITS2 were 0.00191 and 0.00223, and 0.4848 and 0.6186, respectively. Therefore, nucleotide diversity and the number of ribotypes were similar (11 ribotypes of ITS1 against 13 ribotypes of ITS2).
Usefulness of structural analyses in ITS
Sequencing of bacterially cloned PCR products can recover sequence errors such as introduction of single-base substitutions (Kobayashi et al., 1999) . If neglected, those PCR artifacts become 'false' polymorphisms, which can lead to an overestimation of the true levels of genetic variation. The usefulness of ITS as a marker for intraspecific studies in P. pachyrhizi is the result of the polymorphisms that accumulate. Our results suggested that we can rely upon structural analyses to filter out putative 'suspicious' bacterially cloned ITS sequences; thus, keeping artificially-induced sequence variation to a minimum. We attribute the absence of suspicious sequences from our dataset to the high fidelity of the DNA polymerases used during PCR amplifications: Barnes et al. (2009) , LA Taq Hot-Start DNA Polymerase (TaKaRa); Frederick et al. (2002) , AmpliTaq DNA polymerase (Applied Biosystems); this work, Phusion High-Fidelity DNA Polymerase, which is about 50 times greater than Taq DNA polymerase (Frey and Suppmann, 1995) .
Relying upon structural analyses to explore natural variation is critical given that sequencing of bacterially cloned PCR products is prone to display 'false' polymorphisms from misincorporation Fig. 4 . Secondary structure of ITS2 of Phakopsora pachyrhizi. Accession 170674463 retrieved from The ITS2 Database II (Selig et al., 2008) is used as the reference sequence. Helices (I-IV) are numbered according to Coleman (2007) ; positions are given every 10 nucleotides. Dot, non-canonical G-U pairing; arrow, insertion sites; substitutions as indicated. Gray shadow: in helix II, the characteristic pyrimidine-pyrimidine bulge; in Helix III, the conserved sequence 5 0 -UGU-3 0 . during PCR or bacterial cloning. Our structural analyses suggested that the DNA polymorphisms found are likely natural sequence variations in P. pachyrhizi, which allowed ITS1 and ITS2 to exhibit some degree of structural changes without compromising functionality.
